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Preface 


This  paper  was  presented  at  the  High  Power 
Optical  Components  Conference  held  in  Boulder 
CO,  in  October  1992.  This  work  suggests  the 
importance  of  the  study  of  the  synergistic  effects  of 
contamination,  radiation,  and  space  plasmas  in 
spacecraft  systems. 
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Two  samples  from  LDEF  experiment  M0003-4  were  analyzed  for  molecular  and 
particulate  contamination  prior  to  and  following  treatment  with  advanced  satellite 
contamination  removal  techniques  (CO2  Gas/Solid  Jet  Spray  and  Oxygen  Ion  Beam).  The 
pre-  and  post-  cleaning  measurements  and  analyses  will  be  presented.  The  Jet  Spray 
removed  particulates  in  seconds.  The  low  energy  reactive  oxygen  ion  beam  removed  5000 
angstroms  of  photo  polymerized  organic  hydrocarbon  contamination  in  less  than  1  hour. 
Spectroscopic  anal^ical  techniques  were  applied  to  the  analysis  of  cleaning  efficiency 
including:  Fourier  Transform  Infrared,  Auger,  X-ray  Photo  emission,  Energy  Dispersive  X- 
ray,  and  Ultraviolet/Visible.  The  results  of  this  work  suggest  that  the  contamination  was  due 
to  spacecraft  self  contamination  enhanced  by  atomic  oxygen  plasma  dynamics  and  solar 
UV  radiation.  These  results  also  suggest  the  efficacy  for  the  Jet  Spray  and  Ion  Beam 
contamination  control  technologies  for  spacecraft  optical  surfaces. 


I.  Introduction 

Today  satellite  contamination  is  kept  within  specification  during  production,  assembly  and 
storage  by  clean  rooms,  solvent  wipes,  inert  gas/air  purges  and  vacuum  bakeout.  Although  these 
techniques  have  proven  acceptable  for  launching  "clean"  satellites,  (level  1000  typical),  the 
combined  effects  of  the  space  environment  lead  to  increased  contamination  levels  once  deployed 
[1,2].  LDEF  was  initially  launched  with  MIL-STD-1246B  Level  2000C  cleanliness.  This  is 
considered  clean  by  industry  standards  today,  but  post  recovery  LDEF  analysis  showed  over  one 
pound  of  molecular  contaminants  notwithstanding  particulates  [3].  LDEF  experiments  provide  a 
unique  window  into  the  contamination  effects  on  a  large  variety  of  spacecraft  materials  all  exposed 
to  the  same  LEO  environment  for  the  same  amount  of  time. 

In  this  paper,  will  be  discussed  the  results  of  utilizing  the  CO2  jet  spray  and  oxygen  ion 
beam  contamination  removal  techniques  for  the  cleaning  of  LDEF  contaminant  species.  The 
overall  conclusion  of  the  paper  is  as  follows:  Indeed  the  proper  choice  of  spacecraft  materials  and 
prelaunch  cleanliness  is  important,  but  the  physical  realities  of  the  space  environment  necessitate 
an  on-orbit  contamination  mitigation  philosophy  which  is  potentially  implementable  using  the 
contamination  control  techniques  described  herein. 

II.  Preclean  Analysis 

Two  solar  cell  cover  glass  samples  from  the  LDEF  experiment  M0003-4  were  analyzed  in 
this  study.  Sample  No.  L3-1V-4-14-52  was  positioned  on  LDEF  tray  D9  on  the  leading  edge  of  the 
spacecraft.  Sample  No.  T3-IV-4-14-54  was  positioned  on  the  trailing  edge  of  the  spacecraft  in  Tray 
D3.  The  Leading  Edge  Sample  (henceforth  Sample  L)  was  visually  different  in  appearance  than  the 
trailing  edge  sample  (henceforth  Sample  T). 


-1- 


f 


Sample  L  collected  5000  Angstroms  of  an  organic  contaminant  film,  scattered  particulate 
debris,  and  two  micrometorite  craters.  Circular  polarized  optical  microscopy  showed  the  presence 
of  many  orders  of  brightly  colored  Newton’s  interference  rings  on  sample  L  as  shown  in  Figure  1 
(magnification  =  3.0x).  the  cover  glass  sample  was  stuck  to  the  silicon  backing  plate  by  the 
contaminant  film  which  acted  like  a  glue.  This  afforded  the  opportunity  to  analyze  the  effects  of  this 
photo  polymerized  contaminant  and  contamination  removal  techniques  on  both  the  cover  glass  and 
crystalline  silicon  materials.  Subsequent  microscopic  analysis  revealed  the  presence  of  a 
subsurface  fracture  running  across  the  crystalline  silicon  sample.  This  defect  was  deemed 
responsible  for  the  sample  becoming  severed  in  the  analysis  procedure. 

Sample  T  on  the  other  hand  collected  only  50  angstroms  of  a  light  brown  contaminant  film 
and  scattered  particulate  debris.  This  sample  was  not  “glued  “  to  its  silicon  backing  plate.  Sample  L 
was  in  two  parts  as  can  be  seen  from  close  examination  of  Figure  1 .  As  discussed  above,  sample  T 
was  not  found  to  be  as  heavily  contaminated  as  sample  L,  and  was  not  fixed  to  its  crystalline  silicon 
backing  plate.  Figure  2  shows  sample  T  under  the  same  conditions  as  Figure  1 ,  except  that  it  was 
positioned  above  a  black  microscope  ruling  disk  (central  rule  =  1mm).  Note  the  presence  of 
pdiculate  debris  as  evident  from  the  density  of  optical  scatter  centers.  Figure  3  shows  sample  T 
photographed  at  a  magnification  of  3.25x  positioned  upon  square  graph  paper  (20  squares  per 
inch).  From  this  figure,  the  thin  brown  contaminant  film  is  clearly  seen  as  a  contrast  difference. 

The  physical  condition  of  these  samples,  was  anti-intuitive.  Since  the  Leading  Edge 
sample  experienced  a  higher  atomic  oxygen  (AO)  fluence  than  the  trailing  edge  of  the  spacecraft 
[4],  one  would  expect  a  fairly  clean-contaminant  free  surface.  It  is  possible  that  such  a  surface 
would  even  be  slightly  eroded  due  to  interaction  with  the  reactive  ion  flux.  During  recovery,  the  AO 
fluence  for  sample  L  was  measured  to  be  8.74  x  1021  atoms-cm'2  during  the  five  year  mission. 
The  trailing  Edge  sample  was  somewhat  shielded  from  this  atomic  oxygen  flux,  having  an  AO 
fluence  of  1.3  xIO"'^  atoms-cm‘2  Intuitively  the  author  expects  this  to  imply  a  thicker  contaminant 
deposition  on  the  trailing  edge  relative  to  the  leading  Edge  which  was  not  the  case  for  the  two 
samples  examined  in  this  work. 

A  possible  pathology  for  the  deposition  of  the  observed  contaminant  film  is  as  follows.  The 
interaction  with  the  AO  flux  induced  catalysis  of  the  nylon  6:6  and  polyacetyl  delrin  500  sample 
holder  materials  resulting  in  a  plasma  sheath  of  dissociated  polymeric  species  following  the  sample 
throughout  its  orbit.  The  solar  UV  photon  flux  polymerized  these  species  to  the  substrate  surface, 
while  the  plasma  sheath  partially  protected  the  deposited  contaminant  film  from  AO  etching.  This 
resulted  in  the  5000  angstroms  of  the  hydrocarbon  co-polymer  film  discussed  above.  Of  course  this 
is  mere  speculation,  and  the  author  has  no  doubt  that  several  other  pathologies  can  be  cogitated 
for  growth  of  this  unexpected  contaminant  film.  The  author  is  still  speculating  as  to  the  reasons  for 
this  contamination  density  inversion. 


II.  Contamination  Removal 
Gas/Solid  Jet  Spray  Technique 

The  Gas/Solid  Jet  Spray  was  used  to  remove  particulate  contamination.  The  CO2  jet  spray 
is  shown  in  Figure  4.  The  jet  spray  has  been  described  in  the  literature  [1,2],  but  may  be  simply 
described  as  a  particle  removal  process  which  exploits  momentum  transfer  from  incident  snow 
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flakes  to  particulates  adhering  to  the  surface  through  van  der  Walls  forces  (first  and  second  order). 
The  energy/momentum  transferred  to  the  adsorbed  particle  breaks  these  surface  potential  forces 
and  the  “free”  particle  is  entrained  in  the  gas  stream  and  carried  away  from  the  surface.  The 
mixture  of  solid/gas  in  this  process  is  very  important  for  tne  removal  of  submicron  particles  [ij. 
which  are  not  removed  by  high  pressure  gas  and  liquid  streams  due  to  the  gas/surface  boundary 
layer’s  “insulating”  action. 

ion  Beam  Technique 

The  molecular  film  was  removed  by  reactive  ion  etching  using  a  beam  of  oxygen  ions  and 
electrons  from  a  Hughes  helicon  wave  source  (HWS)  shown  in  Figure  5.  The  output  beam  contains 
oxygen  ions  and  neutral  atoms  as  well  as  electrons.  The  HWS  also  has  a  UV  radiation  component. 
The  effects  of  these  species  upon  contaminant  removal  is  under  investigation.  The  ion  cleaning 
experimental  parameters  are  as  follows.  The  ion  energy  was  varied  between  12  and  45  eV 
(average).  The  ion  flux  densities  varied  between  550  and  1300  !iA/cm2  (average)  as  measured 
by  a  Faraday  cup.  The  plasma  was  operated  at  165  Mhz  with  a  power  of  10  to  20  Watts.  The 
oxygen  flow  rate  was  measured  to  be  10  seem  using  an  Omega  Engineering  gas  flow  meter  (FMA- 
5601).  Chamber  partial  pressures  were  monitored  by  a  VG  Scientific  Micromass  560  mass 
spectrometer  to  be:  Oxygen:  3x10-5  Torr,  Water:  3x10-5  Torr,  and  Nitrogen:  5x10-5  Torr.  Other 
species  were  present  in  the  chamber  registering  partial  pressures  of  less  than  1x10-8  Torr,  and  as 
such  were  of  no  consequence  to  this  work. 

III.  Contamination  Removal  Analysis 

Figure  6a  (left)  shows  a  circular  polarized  light  micrograph  of  a  heavily  contaminated 
region  of  sample  L.  This  Figure  is  a  montage  of  photomicrographs  pasted  together  in  a  jigsaw 
puzzle  fashion  since  the  field  of  view  for  one  micrograph  at  13x  was  too  small  to  contain  the  entire 
sample.  The  brightly  colored  interference  rings  indicate  the  presence  of  a  molecular  contaminant 
film.  Figure  6b  (right)  is  the  same  region  of  the  sample  after  21  minutes  of  treatment  with  the 
reactive  oxygen  ion  beam  contamination  removal  device.  Figure  7  is  a  Nomarski  photomicrograph 
of  the  same  region  of  the  sample  after  an  additional  40  minutes  of  treatment  with  the  ion  beam 
cleaner  and  a  3  second  spray  with  the  CO2  jet  spray. 

In  one  hour  of  total  treatment  time,  the  sample  went  from  being 

contaminated  at  levels  that  the  unaided  eye  could  easily  discern,  to  having  a 

contamination  level  at  the  Nomarski  Microscopy  threshold  of  detection . 

Figure  8  is  a  Dark  Filed  Micrograph  (DFM)  of  a  section  of  sample  L  contamination  prior  to 
ion  cleaning,  and  Figure  9  is  a  DFM  of  the  sample  after  ion  treatment.  Note  the  small  bright  specks 
on  the  surface  of  the  sample.  These  scatter  centers  were  found  to  be  the  result  of  micro-abrasions 
and  not  submicron  particulates  as  might  be  presumed  from  a  casual  look  at  the  Figure  8 
precleaning  data.  Higher  magnification  (50x)  Nomarski  and  DFM  photomicrographs  of  this  general 
region  of  the  sample  are  shown  in  Figures  10  and  1 1 ,  respectively.  The  sample  was  masked  during 
cleaning  by  the  cover  glass  shown  on  the  left.  The  glass  protected  the  underlying  contaminant  film 
from  the  ion  etching  process  while  areas  to  the  right  of  the  mask  were  cleaned.  There  is  evidence 
of  a  large  particle  just  to  the  right  of  the  mask  and  what  appear  to  be  smaller  particles  scattered  to 
the  right  of  the  mask  in  the  photograph.  The  DFM  of  Figure  1 1  however,  suggests  the  presence  of 
many  more  particles  distributed  over  the  sample.  Strong  cross  lighting  and  the  Nomarski  objective 
illuminated  the  surface  defects  of  Figure  12.  This  data  was  digitized  and  processed  using  the 
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MacPhase  digital  image  processing  software  [5],  which  showed  that  the  scatter  centers  were 
indeed  micro  abrasions  rather  than  particles.  Typical  c  mtour  maps  for  these  micro  abrasions  are 
shown  in  Figure  13.  The  vertical  scale  is  calibrated  in  gray  scale  intensity  and  the  horizontal  scale 
in  pixels.  At  the  time  of  the  analysis,  physical  length  calibration  was  not  performed,  rather  a  semi- 
quantitative  indicator  of  surface  hole  rather  than  raised  prominence  was  given.  It  is  unlikely  that  the 
ion  cleaning  or  jet  spray  are  responsible  for  these  micro  abrasions,  since  these  techniques  have 
been  applied  to  several  samples  of  glass  in  laboratory  tests  and  showed  no  such  effects. 

The  microcraters  are  remarkably  similar  to  the  space  charge  induced  divots  observed  in 
optical  materials  in  separate  experiments  by  the  Naval  Air  Warfare  Center  (NAWC)  [9-10], 
Vanderbilt  University  [15]  and  the  Aerospace  Corp.  [8]  on  Simulated  Space  Radiation  Experiments. 
The  NAWC  work  simultaneously  presented  enhanced-reflectance  mirror  coatings  with  protons, 
electrons,  neutrons  and  UV  photons  in  a  cryogenic  vacuum  environment  to  simulate  the  LEO  and 
MEO  environments.  For  this  LEO  simulation  scenario,  the  conditions  were  similar  to  those  of  the 
LDEF  samples  [14]  with  the  exception  of  the  AO  fluence;  the  LDEF  samples  analyzed  by  RL  were 
subjected  to  an  AO  environment  while  the  NAWC  samples  were  not.  This  difference 
notwithstanding,  the  microcraters  observed  by  NAWC  bear  remarkable  similarity  to  those  of  this 
and  ongoing  research  [12].  Aerospace  Corp.  work  [8],  although  performed  at  higher  radiation  doses 
than  those  of  the  LDEF  environment,  also  shows  formation  of  microvoids  as  a  result  of  ionizing 
radiation  in  dielectric  materials. 

The  geometry  of  the  microcraters  observed  in  these  samples  has  a  smooth  walled,  conical 
or  sometimes  cylindrical  nature  with  no  apparent  radial  shock  wave  induced  ripples  such  as  those 
observed  in  craters  produced  by  particle  impacts.  Such  craters  have  been  documented  not  only  in 
LDEF  and  other  spacecraft  studies,  but  also  micron-sized  particle  impacts  from  ground  based 
impact  simulations  using  rail  gun  electromagnetic  accelerators  [13].  The  lack  of  correlation  of 
ground  based  radiation  induced  void-type  defects  and  those  due  to  particle  impacts,  taken 
together  with  the  correlation  between  the  LDEF  microvoids  of  this  study  and  ground  based 
radiation  induced  voids,  suggests  that  micron  sized  particles  of  interplanetary  dust  or  space 
debris  are  probably  not  the  origin  of  these  defects.  The  interpretation  at  this  time,  with  the 
available  data  is  that  these  submicron  voids  are  due  to  atomic  diffusion  (mass  migration) 
due  to  radiation  induced  electrostatic  charging  effects.  At  this  time,  the  author  is  inclined  to 
view  radiation  induced  charge  ♦'■apping  as  the  nhenomena  responsible  for  the  microvoids  in 
question,  although  more  research  should  be  performed  to  test  this  hypothesis. 

The  above  microvoids  appear  to  be  smaller  than  the  typical  micrometeorite  and  space 
debris  impact  images  reported  to  date,  including  those  from  the  Interplanetary  Dust  Experiment 
[11].  For  example,  Figure  12  is  a  Momarski  photomicrograph  (200x)  of  a  micrometeorite  impact 
crater  from  sample  L.  The  crater  is  over  200  microns  in  diameter  with  sub-surface  daragp 
propagating  radially  outward  for  another  500  microns.  The  Nomarski  fringes  on  the  localized 
material  fragments  and  absence  of  fringes  in  the  center  of  the  crater  suggests  the  possibility  of 
contaminant  film  growth  prior  to  the  impact  and  very  little  growth  thereafter.  The  author  speculates 
that  this  could  be  due  to  two  possible  damage  pathologies.  The  first  is  that  the  impact  event 
occurred  very  late  in  the  mission,  when  there  was  a  low  rate  of  contaminant  offgassing,  leaving  little 
time  and  probability  for  further  film  deposition.  An  alternative  view  is  that  the  rough  crater  surface 
was  an  insufficient  substrate  for  film  deposition.  The  DFM  of  Figure  1 5  illustrates  the  presence  of 
collateral  damage  and  secondary  debris  scattered  in  the  vicinity  of  the  impact  site.  Computer 
images  of  the  impact  crater  show  local  melting  and  a  cylindrical  crown  due  to  energy  transfer  at 
impact.  This  morphology  was  similar  to  that  of  the  other,  larger  micrometeorite  impact  studied  on 
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the  same  sample.  The  crater  region  is  shown  at  lower  magnification  after  treatment  with  the 
cleaning  techniques  in  Figure  16.  This  figure  again  shows  the  presence  of  micro  abrasions  after 
contaminant  film  removal. 

Figure  17  is  a  blue  light  fluorescence  light  micrograph  of  a  masked  and  unmasked  section 
of  sample  L.  The  dark  (non-fluorescing)  side  of  the  micrograph  shows  the  result  of  removal  of  1760 
angstroms  of  molecular  film.  There  is  evidence  of  residual  contamination  (brightly  fluorescing 
yellow  matter)  near  the  mask  boundary.  The  dark  brown  and  bright  yellow  species  indicate  the 
possible  presence  of  more  than  one  contaminant.  Other  wavebands  used  for  fluorescence  light 
microscopy  (green  and  UV)  also  indicated  a  color  difference  in  these  regions. 

Fourier  Transform  infrared  spectroscopy  (FT-IR)  was  performed  with  a  biorad  FTS-40 
spectrophotometer.  FT-IR  indicated  that  the  contaminant  film  was  composed  of  nylon  6:6  and 
polyacetal  Delrin  500  [6].  These  could  have  been  chemically  altered  by  exposure  to  space 
radiation.  Auger,  ESCA  and  EDX  analyses  corroborated  this  identification  contaminants  [6].  This 
contaminant  most  probably  was  due  to  the  nylon  screws  and  delrin  sample  holder  used  to  hold  the 
sample  in  place  during  the  flight.  These  chemical  analyses,  when  combined  with  Nomarski 
microscopy  yielded  an  approximate  molecular  film  thickness  of  4500  angstroms.  Auger  microprobe 
analysis  yielded  a  4800  angstrom  thickness  for  the  contaminant  film.  It  is  important  to  note  that 
these  contaminants  were  not  the  predominant  contaminants  found  on  LDEF;  most  other 
researchers  reported  species  due  to  silicone  based  thermal  control  paints  [3].  although  Meshishnek 
also  found  evidence  of  nylon  and  delrin  on  the  M0003  samples  in  agreement  with  the  author  [7]. 

Secondary  electron  imaging  and  EDX  were  performed  in  a  JEOL  JM840  SEM  with  a 
Tracer  5500  EDX  spectrometer(Be/Li  window).  The  SEM  of  Figure  16  (sample  T)  indicates 
particulate  contaminants  ranging  in  size  from  tens  of  microns  to  millimeters  in  spatial  dimension. 
EDX  analysis  of  these  particles  identified  them  as  metallic  in  composition:  Copper.  Zinc,  Tin, 
Aluminum  and  Silicon. 

IV.  Discussion 

Results  of  the  application  of  the  jet  spray  and  ion  beam  techniques  to  the  leading  edge 
sample  indicate  a  removal  rate  of  83.3  angstroms/minute  for  the  organic  hydrocarbons  deposited 
onto  these  samples.  The  cleaning  rate  and  efficiency  will  of  course  depend  upon  the  particular 
species  deposited,  and  the  experimental  parameters  associated  with  the  plasma  and  substrate. 
Plasma  parameters  include,  ion  energy,  ion  flux  density,  neutral  energy,  neutral  flux  density, 
electron  energy,  electron  flux  density  and  UV  photon  energy  and  intensity.  Substrate  parameters 
influencing  cleaning  rate  include  temperature,  degree  of  contamination  and  surface  defect 
topology. 

The  microvoids  observed  after  removal  of  contaminants  are  most  likely  to  be  due  to  atomic 
diffusion  due  to  radiation  induced  electrostatic  discharge  rather  than  micrometeorite  or  space 
debris  impacts.  The  correlations  noted  in  section  III  notwithstanding  howeve^  in  general,  the 
synergistic  effects  of  ionizing  radiation,  micrometeorite  impacts,  the  near  satellite  plasma  energy 
density  and  chemistry  and  spacecraft  particulate  contamination  interactions  result  in  a  large 
number  of  void-type  defects  on  the  order  of  a  micron  and  smaller  in  spatial  extent. 

The  above  contamination  removal  techniques  have  been  shown  to  successfully  remove 
spacecraft  contamination  and  development  is  underway  to  build  small,  lightweight  flight  qualifiable 
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contamination  removal  systems.  However,  there  remains  the  problem  of  preventing  the  removed 
contaminants  from  re  depositing  onto  the  cleaned  surfaces.  In  response  to  this  problem,  the  author 
developed  a  contamination  collP''*'on  device  [1.2].  This  contamiriation  collector  is  capable  of 
collecting  and  containing  both  i''jiecuiar  and  particulate  contaminants  throughout  the  spacecraft 
operational  parameter  (temperature,  vibration,  radiation,  vacuum  and  micrometonte 

environments).  One  en.oodiment  of  this  device,  the  Aerogel  Mesh  Contamination  Collector  lAMCC 
-  patent  pending!  is  shown  in  the  SEM  of  Figure  18.  In  the  figure  :s  shown  a  cross  section  of  the 
AMCC  with  collected  particulate  contaminants  of  various  sizes.  In  a  system,  the  AMCC  would  work 
in  coniuPwtion  with  the  jet  spray  and  ion  beam  removal  devices  as  shown  in  Figure  19.  Here,  the 
react- ‘  o  ion  beam  removes  organic  particles  and  molecular  films  as  the  jet  spray  removes  particles 
and  entrails  the  removed  species  into  the  AMCC's  pores. 

Contamination  Controi  For  Spacecraft  Applications 

The  above  contamination  control  techniques  are  being  developed  for  autonomous 
operation  in  spacecraft  applications.  These  data  present  the  first  results  of  the  application  of  these 
contamination  mitigation  technologies  to  long  duration  spacecraft  exterior  surface  materials.  The 
cleaning  rates  and  efficiencies  obtained  are  optimistic.  This  suggests  that  further  LEO 
contamination  control  experimentation  should  be  performed  in  orbital  systems  such  as  the 
Retrievable  Payload  Carrier  (RPC)  [6].  In  such  an  experiment,  small  jet  spray  and  ion  beam 
sources,  contamination  detectors,  contamination  collectors,  and  possibly  even  contamination 
sources  would  be  mounted  in  a  RPC  pallet  which  could  be  re-used  for  both  leading  edge  and 
trailing  edge  missions,  and/or  several  low  cost  contamination  control  pallets  could  be  fabricated 
and  flown  on  several  RPC  missions  in  various  locations.  RPC  contamination  experiment  data 
would  feed  into  a  contamination  control  system  for  Space  Station  Freedom,  and  other  future  space 
system  designs. 
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Figure  1  Circular  Polarized  light  micrograph  of  Leading  Edge  Sample. 
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Figure  4  The  jet  spray  particulate  cleaner  in  operation. 


Figure  5  The  ion  beam  Helicial  Wave  Source.  Photo  courtesy  of  Hughes  Aircraft 
Corporation. 
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Figure  6a  (left)  Circular  polarized  light  micrograph  of  a  heavily  contaminated  region  of 
sample  L.  The  brightly  colored  interference  rings  indicate  the  presence  of  a  molecular 
contaminant  film.  Figure  6b  (right)  is  the  same  region  of  the  sample  after  21  minutes  of 
treatment  with  the  reacrive  oxygen  ion  beam  contamination  removal  device. 


Figure  7  Nomarski  photomicrograph  of  the  same  region  of  the  sample  after  an  additional 
40  minutes  of  treatment  with  the  ion  beam  cleaner  and  a  3  second  spray  with  the  CO2 
jet  spray. 


-14~ 


Figure  8  Dark  Field  Micrograph  (DP^)  of  a  contaminated  section  of  sample  L. 


DFM  of  sample  after  ion  cleaning. 


Figure  10  Nomarski  photomicrograph  (50x)  of  region  of  sample  L  foculsed  on 
cleaned/masked  interface  region. 
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Figure  12  Different  Nomarksi  setting  and  lighting  condition  as  shown  in  Figure  8 
illustrating  the  presence  of  microabrasions  on  the  surface.  These  microabrasions 
correlate  with  those  of  the  DFM  of  Figure  9. 
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Figure  13  MacPhase  profile  of  typical  microabrasion  of  Figure  10. 
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Figure  14  Nomarski  photomicrograph  (200x)  of  micrometeorite  crater  on  sample  L. 


Figure  16  Nomarski  Photomicrograph  (50x)  of  crater  of  Figures  12  and  13  after  ion 
beam  treatment.  Again  note  the  surface  defects  which  correlate  with  pattern  of  the  DFM. 
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Figure  17  Blue  Fluroesence  light  micrograph  (FLM)  of  cleaned/masked  sample. 


Figure  18  SEM  of  sampleT  showing  particulate  contamination  of  varied  sizes. 


Figure  20  Advanced  contamination  removal  and  collection  system  incorporating  the  jet 
spray,  ion  beam  and  AMCC. 
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Office  of  Secretary  of  Defense 

Wasfiimton  DC  203 Cl"*?!  ^  7 


OCA  Apolie^  Optics  Inc. 

Attn;  Mr  David  Fen q ter 
For;  Mr  Anthony  Hull 
74?1  Grange VO  ad  Ave 
Garden  Grove/  CA  ?26v1 

Jahn  Hopkins  univ/Apnlicd  ®hysics 
Attn;  Ceanna  T.  Jones 
For;  0.  Manuel  Uy 
Jahn  Hopk  i  n  s  d. 

Laurel/  m^  27J23-dC39 

W,  J.  Schaffer  Associates  Tnc. 
Attn;  Gavte  F eote/ Securi ty 
For:  Mr  Richard  Dyer 

2 J '  Liberty  ®  t  aza 
®ome/  NY  134AQ 

Eastman  <odak  Co/ G ove rnmen t  Sys 

Attn:  Auda  Robert 

For:  '*r  Don  Gildner 

P3  eoK  24939 

Rochester  NY  14a24 

'?all  A*»rosoace  Systems  Division 
Attn:  Mr  ®eter  Walker/Security 

For:  Mr  E.  A,  Roybal 

p.O.  uax 

3oulder/  CO  ?.030o-i:62 

General  Electric  Astro  Soace 

Attn;  P.  A.  Delananty 

For:  Mr  James  T.  Lloyd/  MS  U4C19 

P.O.  5ox  5555 

Philadelohia  FA  191C1 

J  A  YCOR 

Attn:  Mr  Ray  Arias 

For:  Or  Michael  Treadway 

P.D.  30k  *5154 
San  Oieqo  C  A  921 38 


»L-5 


1 


<jmja  Sciences  Coroordtion 
Attn;  Carol  Centra 

Pjr;  ''r  J  onn  Saina 
^  i  ^  r;onesee  St/  Suite 
Utica/  NY  13‘'J2 

LockSeea  ■’issiles  and  ioace  Co. 

Attn;  >is  Cvelyn  Lachica 
For:  ‘ir  Peter  ulassYord/ 

Piece  ■’1-22/15  7- 4!:/6ld5  5^^ 

Sunnyvale  CA  y4o"^-35,A 

'*artin  **arietta  Astronautics  Sro 
Attn:  "s  ^ian  Hyde 

For:  yr  Jnuolas  Lain 

^escSes  Technical  Campus  ^laq  ' 

Pome/  'lY  12  LAC. 

’^cOonnell  Douqlas  S-^ace  Systems  Co. 

Attn:  Ms  "'ary  SilLespie 

For:  '^r  ’'ark  Linquist 

5531  3olsa  Ave. 

Huntinqton  rjeach/  CA 

pQckvell  I  n te r na t i nna I  Coro 
Attn:  fs  Julia  keim 

for:  ?r  <eith  Saie 

•6633  C.anoqa  Sve.  TIC 
Canooa  Park/  c*  513C3 

Space  and  Defense  Sector  1 

Attn;  ''s  June  3enVo 
For;  6r  Vark  Frink/  I’lSIS'^C/  nld  1 
One  Space  ^ark.  "jpns  n5/1C2? 

Aedondo  Beach/  CA  952 7 ^ 

S-rC/CNTT  ■’ 

Attn:  "'ajor  Bodolfo  fir  op 

?  .  0  .  :l  o  X  9  ?  y  s  J, 

Lot  Ameles  aF^  CA  2  1^-296? 


University  of  Rochester/  ' 

Attn;  Steven  Loucks 

For:  Dr  Steven  Jacobs 

250  East  Piver  Road 

Rochester/  '<Y  14625-1  290 

Martin  r ariett a  Corp/Yissile  Sys  1 

Attn:  Pichard  Mellon 

For;  ''r  Donald  Janeerko 

=  .0.  rox  -'^5^3'’  ^P-SC 
Drlanoo  ^L  i’655-5537 


DL-6 


The  Aersoo^c«  Coro. //Lid  Acq  Group 

Attn:  ^ .  W.  Green 

For:  Or  "'^lina  Hills 

P."'.  3d*  ■*:-''l/1^y 

Los  Ameles/  Zt  9CCC9-r?'7 

Calsoan  Ccrp/A^DC 

Attn:  Facility  Security  CMicer 

FC’:  '"rFabertWooa 

A30C  DTV  Arnold  AFS  T.*,  3‘'3^9-VC?<i 


Deposition  Sciences  Inc. 

Attn:  ‘^r  'rosnan  J./V.  Pr‘*sid‘^nt 

For:  Mr  Lee  yartolomei 

Tesconi  Court 
Santa  »osa/  CA  ^54.1 

SCLI /G=D 

Attn:  Ry.an  Sanjra  «. /Security 

For:  Or  G.T.  Johnson 

c7S9  North  Point  Parkway 
Santa  Rosa/  CA  954C7-7!'A7 

SPIRE  Corporation 
Gregorio  Richaru  5. /Controller 
!*.3triots  ‘•'ark 
Perlfori  A  C1 /TC. 


Laser  Power  Optics 
Attn:  Tanicnto  0. /President 

y  7  7  Hi  ah  EluTf  Drive 
San  Di“go/  CA  P213j 


Evaporateo  Coatings  Inc. 
Walls  John  J./Tech  Director 
2365  Maryland  Rd. 

Willow  Grove/  pA 


SDI0/3DG 

Attn:  Capt  Williaa'  Hall 

The  Pentagon 
Washington  DC  2G3C1-71C0 


USA  Strategic  Defense  Command 

Attn:  '"r  Andrew  ko 

Sf A£-Sh-GST 

P.O.  eoK  15CC 

Huntsville  AL  350d37-3e;i 


DL-7 


1 


U2A  '^trdtenic  "^eofense  Coanund 
sttn:  wr  ''xeorqe  ^arsons  III 

CSSD-D^-’T 
p  .  0 .  n-tn  15-^1 
Huntsville/  35iI7"3SC1 

^ival  Air  Warfare  Center 
Attn:  '^s  Linda  Johnson 

Code 

China  Lake/  CA  '’’'3555 


‘Javal'AesearchLao  1 

Attn:  !*r  oonert  dcCoy 

Coie  7  ^>*2 

Washimton  iC  2 37 

Ut  a  hiitate  University  / SDL  i 

Attn:  .  < .  S^noeson 

For:  hr  Ja«“3  Oyer 

Utah  State  University 

Loaan/  Ut  S43A2-li»1S 

Physical  Sciences  Inc.  1 

Attn:  -T  '-jbert  F.  Weiss 

For:  •'  r  David  S  r  e  e  n 

2  2  .nr’ I  and  -usiness  Center 

Andover/  i'*'  A  v  '  1  P 1  J  -  7 1  S  j 

'^artin'^ariettaCoro.  1 

Attn:  Or  ?edford  and  John  'filler 

■» .  ) .  :i  0  K  1  ’  A 
Denver/  CO  ’.'2  31 


Rockwell  I  n  t  •=>  r  na  t  i  on  a  I  1 

Attn:  ■‘‘alone 

''  3"^ ■'liroln'tn  Ave 
10*  :  I  7 

a  n  a  h  e  i  n  /  C  s  A  ^  ;  3 

"ission'^esearchCoro.  1 

Attn:  D.  Pritchett 

p.C,  Drawer  7 ]  i 

■^55  Stat»  *t. 

Santa  "sroars/  CA 

'tP^TechnolooiesInc.  1 

Attn;  Dr  A.<.  Ghosh 

151  pQulevard  Hymus 

Point e* Clair?/  iueoec 

Canada  h-J.-;") 


hL-3 


1 


J  3  VC  or 

iftn:  i>r  .C. 

5775  Ton=»  Centre  urive 
Sjn  Di‘»uO/  Ct  ^21?1 


'ieneral  electric  Aerosuce 
Attn:  Cr  •  an nett 

P.C.  Jox  V..  j.' 

^lue  r?lU  -i  ^^uZ7 


^jnties  ■^ec^'nnlojy  Center 
Attn:  Cr  .. 

t)1“5  ;l  Canino  reil 
^l-i^  7'io  «'‘117 
C3rt5D30/  CA  ^7? 2 9 

S  t  r  a  t  e  d  -if 

Attn:  Dr.  - .  c .  i u  n 

AZ'^3  ViewriJne  Ave 
San  Di“yO/  CA  52123 


Jet  Propulati on  Lab 
Attn:  Or  a. 

4332  Cax  Grove  Jrive 
^asadena/  C*  y1l!*5-f3  93 


Harris  Corporation 
Attn:  5.  Ahah 

riovern"ier>t  t^rosoace  iysrems  Oiv 
P.O.  5ox  94.jr’3 
'ieloourne#  FL  Sd^C; 

'Norton  International 
Attn:  Or  5.  L.  T  avlor 

135  ‘lew  ^oston  St. 

Woburn/  ''A  315*I“6?j3 


Tfte  Johns  Hookins  Uni ver s i t y/ 4= L  1 

Attn:  Or  J.  Cranmer 

Johns  Hookins  Fd 

Laurel  ro  *72  3-6009 


TkW  Space  Conwuni cati on  Oiv  1 

J  .  A  oe  mat  hy 
»  10/  23'>4 
One  Space  Park 
Redondo  •''each/  CA  9227® 


nL-  9 


Litton  !♦■?<<  Ti.'ticJl  Systems 
itto:  r.  "3/Dl 

1j  '<1=»v^uirs3  ci 
Lexinoton^  '  2.^  7  I 


Li»’ton  Itek  “otical  Systems 
Attn:  K3l^n<1  Plante 

10  >!aquire  ^r* 

Lexington/^  ."^A  0^173 


TPW  Space  'j  Defense  Sector 

Washington  Office 

Attn:  Or  W.  £.  Froctor 

11C1  Ninteentn  St.  f«./  Suite  ■i'*0 

Arlinston^  V*  2020?“ 1732 

Moneywetl  OPC 
Dr  'I.A.  <oll3dne 
lO^jf  Lyndile  Av/e  South 
^Lofiminqton#  >*>i  5542  0 


Honeywell  SFC 
Attn:  Carol  Ford 

1*701  Lyndal?  Ave  South 
Oloonin^ton^  5542  0 


I n t e rn  1 1 i onal  business  Machines 
Attn:  Dr  v. 

503C  Cottle  557/5j3^  C33o 

$31  Jose^  CA  4 ^193 


Lockheed  dissiles  v  Space  Co.  Inc. 

Attn:  Dr  0.  H.  f'  3 

Dron.  ■'57  Or  -Idj  554 

1111  Lockheed  Way 

Sunnyval'*^  CA  -4rS4-35  0*5 

University  o*  Ttjxas  at  Austin 
Attn:  T.i;.  5e’rinq/S5T  Office 

•'cdonali  Soservatory 
9L''  15.325 

Austin^  7'712”1.jc! 

Sandia  Nation  a  I  Lab 
Attn:  Or  s.  Jeed 

Ceramics  Division“7^76 
=>.3.  OOK  5  ■’:* 

Albuduerquer  *'*  571’^5 


jinaid  \itionjl  L<*t 
Attn:  Dr  C.J.  Jrin<er 

Cn»mistry  Division  “  1'4»: 

=.?,  -ox  5”:: 

A  l  ou  3ue/  *.'”  371=*  5 

Muqht*3  Aircraft  Co. 

Attn:  Or  •ortninqton/£OS''- 

P.-?'.  :;OK 

"I  S?qan:5o/  Cs  ^£2^.5 


Lawr^nct?  LiV'?rmare  National  Labs 
Attn:  Or  L.  H  rjo  i  sn/ T  t  1 1 1 ,,  C 50 

P.O  *3ox  'A.'f, 

Livermore/  CA  0453'; 


Lawrence  Livermore  i«ational  Labs 
Attn:  -eVala 

Oeot  0^  Chemistry  'Materials  3ci 

P.O.  BOX  I' 3 

Livermore/  CA  9* "52 

University  of  Dayton  Research  Inst. 
Attn:  'Mr  Pir^ves 

?0C  College  Park 
Dayton/  OH  4" 46-/ 


Case  Western  Reserve  University 

Attn:  Or  David  Schwam 

lO^CC  tuclio  Ave 

White  ^Idq/  219 

Clevland/  CH  441Co"72C2 

Instit'jt’*  for  Space  Science  i  Tech 
Attn:  Dr  C.'S.  Simon 

1310  N'W  6  tb  St  ree  t 
Gainsville/  AL  32. 0^9- 5530 


•Seneral  Dynamics 

Attn:  Dr  Vark  Li ggett/ Sui t e  223 

Space  Systems  Divison 
700  Poutevard  South 
Huntsville/  AL  353C2 

Armstrong  world  Industries/  Inc- 
Attn:  Dr  C-.  A.  Sigel 

2500  Columbia  Ave 
Lancaster/  Pi  17604 


OL-11 


Industrial  Solir  Technology 
hr  t.  <• 

5775  ’^2nci  Ave 
Denver^  CO  oC'12 


Geltech  Inc 
attn:  A.  J.  L^Pa  ^lia 

One  5»rocjress  Olvd 
0.0.  dOK  15 
Alachua/  AL  T2615 

<odak/Gover«ent  Systems  Oiv 
Attn:  D.  L.  A^nea 

Eastman  iCo'iak  Company 
1447  St.  Paul  St 
Pochester/  NY  14653-7CC6 

Grumman  Coace  ^  Electronics 
Attn:  J.  V.  Gaine 

Sunrise  ^tiahway 
Great  ^iver/  NY  1 173?* j 544 


Integrated  Sensors  Inc. 
Attn:  Chris  wilder 

0.3.  3a«  riA 

Neu  Hartford/  *-Y  13413 


University  o*  •Michigan 

Deot  oY  'technical  ?I  Engineering 

Attn;  G.  J.  Orereton 

3'''5  W.E.  Lay  Laooratory 

Ann  Ar;;or^  A I  4d10  7-2121 

United  States  Dept  of  Commerce 
NIS’^/.Attn:  Or  F.r.  ladder 

A117  Yetrolojy  sldg. 

Gaithers  hurj/  '^0  22  17  3 


University  of  Laval/CSPL 

Attn;  ^Tof,  P.  Lessard 

oavillon/  a,  Vachon 

Facult®  des  Sciences  et  ieGenie 

I'jeoec  CianniJa  G1k7o4  , 

Cornina  Sullivan  Park  w?5.  ctr 
Attn;  W.o.  Pyszytiwskyj 
Cornino/  gY  I'tSil 


DL-1  ? 


'Microelectronics  '^esesrcH  Lab 
Attn:  C,  Tayljr  t.  Culbano 

'>271  ruoisey  ',3 
Col  jmbi  a/  '^5  II  ,4: 


V^riflo^  Ccrcoration 
Attn:  "c^'raj^r 

112  Cynr^s?  Orive 
Fairfax#  ■?4;3i 


-ir  Pradacts  and  Chemicals^  Inc. 

«ttn:  "i.F.  Liebetru 

1415  Grand  Ave 

San  ''arcos^  CA  9ZC69 


H I  <  C /  Inc. 

Attn:  "Jr.  ".V.  Neans 

S5''1  Oberlin  Drive 

San  bi?40/  C*-  >2121-171? 


Union  Carbice  Corp 

Attn:  L.®.  Fothrock 

95?  2  Chesaoeake  Drive<»  Suite  ?16 

San  Diegos  CA  92123 


•Microlao  Northwest  Training  Lab 
7  tC  9  14Cth  Place  N,£. 

PeinonfM^  WA  ^Pd52 


Valeo  Instruments  Co.  Inc. 
Attn:  H.  Bellows 

P.C.  Box  5S6i  3 
Houston,  TX  77255 


Entropic  Systems  Inc. 
12  Glengarry 
Winchester,  **4  515^0 


‘“'otorola^  Inc. 

Gov't  Electronics  Group 
Attn:  Pr.  A.L.  Pai/Or.  0.  Tolliver 
?2I1  E.  'tcDowell  »d  (Mb  H3175) 
ScntM'SMaler  AZ  ®5?5? 


1 


'^1  c  r  oc  ont  a -n  i  n  j  t  i  on  an  j  Kztnt  <^»soc. 
^ttn:  £.J.  "-iiitfr 

12?55  *' jn  '"arcos 
4  t  as  c  jH  e»*  o /»  C*  93^22 


Harris  Corporation  ^ 

'Sow't  aerospace  Systsx  Division 

Attn:  V.S.  Hpstas 

?.0.  Box  94:3:0  CH5  i:i:478<»> 

Melbourne/  FL  529J2 

Airco  Electronic  Gases  1 

Attn:  P,  < ibble 

11  Tri anq Ip  Drive 

0.  3ox  1 2  3! 8 

Research  Triamle  ^ark#  NC  ?77i''9 

NASA  y.FRC  1 

space  Science  Lab/  "SbT 
Attn:  Or. 

Huntsville/  Al  35812 


Protocol/  Inc. 

Attn:  0.  5icciardi 

Sl'l  I  nt  er  n  a  t  i  ona  I  Drive 
'<!t.  Clive/  NJ  :7528-13£1 


Intel  Corporation  1 

Components  Tech  anu^  ac  t  ur  i  no  (Irn 
Attn:  Dr.  R'Sue  C aron-Popovi cH 

3365  dovers  «V9  (3C2“24) 

Santa  Clara/  CA  95^52 

Texas  Instruments  3 

Defense  5ys  3  Electronics  Croup 

1352  N.  Central 

=>.0.  Box  65  501  2/NS  4  79 

Dallas/  TX  75265 

Sea j ate  Technology  1 

Attn:  A. 3.  -’rar 

7  8  ■'1  Computer  tve/  3  0. 

'Minneapolis/  nn  55435"5439 


CT  Inc.  ^ 

Attn:  J.  J.  •’arciniax 

61^6  Executive  3lvd./  Suit?  “1 2 

9ocxville/  '•D  2  3  352 


->L-i  4 


A.£.  <raustf 

<irtl3nj  ic.  N-  b71i7 


'JL/POCC-? 

Attn:  T.^i.  T  r<j!Bb  I  e 

Wri5bt“?itt<?r3on  AF^i  jA  45  4*7  T 


A'jra  Syster, Inc. 

Attn:  Or.  A. 5.  5»ila3yi 

7j7  5  Alaska  Av<? 

r.  I  3eQijnHo»  CA  •?J2  45 


Teledyne  3rown  engineering 
Attn:  S.  Winsett 

Cuntninqs  Research  ^.3/200 

30''  Sparknan  Drive 
Huntsville#  AL  35507-7007 

Oandia  National  Laboratories  (1305) 
'Microelectronic  Products  ibeot 
Attn:  Or,  5.5.  Olewer 
Albuquerque/  ?IM  37135“5°'*C 


US  Army/LA  =  CO;M/3LCST-P5 
Attn;  Or.  5.  ,3,  3  3  tore 
Ft.  Yon  mouth/  NJ  ''•7733 


Nagase  i  Co./  Ltd. 

Attn:  Suqyta 

5-1/  ‘jihonbasni-obunjcho/ 

Chuo~<u/ 
tokyo  1;."'  Jaoan 

Fraunhofer-Aroeitsaruope 

fur  InM’egrierte  Schaltungen 

act.  f.  Pauelementechnoloqi e 

Attn:  Or.-Inq  L,  '’fitzner 

Arti lleri estr ape  12  D-3523  Erlangen 


UISSION 


OF 

ROUE  LABORATORY 


Rome  Laboratory  plans  and  executes  an  Interdisciplinary 
program  in  research,  development,  test,  and  technology 
transition  in  support  of  Air  Force  Command,  Control, 
Communications  and  Intelligence  (C3I)  activities  for  all 
Air  Force  platforms.  It  also  executes  selected 
acquisition  programs  in  several  areas  of  expertise. 
Technical  and  engineering  support  within  areas  of 
competence  is  provided  to  ESC  Program  Offices  (POs)  and 
other  ESC  elements  to  perform  effective  acquisition  of 
C3I  systems.  In  addition,  Rome  Laboratory's  technology 
suppoirts  other  AFMC  Product  Divisions,  the  Air  Force  user 
community,  and  other  DOD  and  non-DOD  agencies.  Rome 
Lzdsoratory  maintains  technical  competence  and  research 
programs  in  areas  including,  but  not  limited  to, 
communications,  command  and  control,  battle  management, 
intelligence  information  processing,  computational 
sciences  and  software  producibility,  wide  area 
surveillance/sensors,  signal  processing,  solid  state 
sciences,  photonics,  electromagnetic  technology, 
superconductivity,  and  electronic 
reliability/maintainability  and  testability. 


